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ABSTRACT 

Perch lo roe thy lene (PCE) i s  an e x c e l l e n t  s o l v e n t  f o r  e x t r a c t i n g  elemental  s u l f u r  
(So) from b i tuminous  coal. The same amount o f  So i s  e x t r a c t e d  w i t h i n  one hour a t  
r e f l u x  (120°C) or 72 hours a t  27°C. E x t r a c t i o n s  a t  120'C a l s o  remove 1-2 we igh t  
% o rgan ic  m a t e r i a l  w i t h i n  30 minutes. Add i t i ona l  hea t ing  inc reases  the  amount o f  
o rgan ic  ma te r ia l  e x t r a c t e d  b u t  decreases the  concen t ra t i on  o f  So i n  s o l u t i o n  due 
t o  reac t i ons  between s u l f u r  and coa l .  The elemental  s u l f u r  c o n t e n t  o f  ten  
d i f f e r e n t  mid-western coa l  samples v a r i e s  w i t h  t h e  s u l f a t i c  s u l f u r  con ten t ,  
cons i s ten t  w i t h  the  v iew t h a t  bo th  elemental  s u l f u r  and s u l f a t e  i n  coa l  come fkom 
weather ing o f  p y r i t e .  The na ture  o f  the  organosu l fu r  compounds e x t r a c t e d  by PCE 
and by THF has been s tud ied  by S u l f u r  Sens i t i ve  Gas Chromatography and GC/MS as  
descr ibed i n  an accompanying paper by K. Vorres. 

INTRODUCTION 

Previous s tud ies  have shown t h a t  h o t  perch lo roe thy lene (PCE) e x t r a c t s  s i g n i f i c a n t  
q u a n t i t i e s  of elemental  s u l f u r  ( S o )  f rom severa l  mid-western coa ls .  Narayan 
repo r ted  t h a t  1.6% S o  by we igh t  was recovered from an Indiana re fuse  c o a l  and 
speculated t h a t  o rgan ic  s u l f u r  i n  coa l  may i n  f a c t  e x i s t  as  i nso lub le  
p o l y s u l f i d e s  which a re  conver ted  t o  s o l u b l e  o r thorhombic  s u l f u r  (S8) by h o t  
PCE.(l) S. Lee and H. Leehe have repo r ted  t h a t  ASTM o rgan ic  s u l f u r  i s  reduced i n  
the  PCE-insoluble p roduc t  coa ls  a f t e r  PCE e x t r a c t i o n  and they have q u a l i t a t i v e l y  
i d e n t i f i e d  S o  i n  the  e x t r a c t s . ( 2 ) ( 3 )  However, o the r  s t u d i e s  have shown t h a t  
l i t t l e  o r  no S o  i s  found i n  most US coa ls  us ing  o the r  methods . (4 ) (5 ) (6 )  Removal 
o f  s i g n i f i c a n t  amounts of organ ic  s u l f u r  f rom coa l  by s imple s o l v e n t  e x t r a c t i o n  
would be an impor tan t  c o n t r i b u t i o n  t o  pre-combustion d e s u l f u r i z a t i o n .  

We have shown t h a t  o n l y  smal I amounts of S o  are  e x t r a c t e d  by PCE from I I I i n o i s  
coa ls  and t h a t  o n l y  weathered coa ls  con ta in  e x t r a c t a b l e  S0.(7) For a t  l e a s t  one 
coal ,  p y r i t e  o x i d a t i o n  was shown t o  be the  source o f  t he  S o  ex t rac ted . (8 )  IBC- 
107 i s  an I l l i n o i s  No. 6 coa l  i n  whic the  forms of s u l f u r  have c h a r a c t e r i s t i c  
s tab le  s u l f u r  i so tope r a t i o s  (SSIR,  9 4 ) .  
s u l f u r  i s  l.9°/oa, for s u l f a t i c  s u l f u r  13.2°/00 and f o r  p y r i t i c  s u l f u r  24.0'/. .. 
The elemental  s u l f u r  i s o l a t e d  from t h i s  coal  had an SSlR va lue  o f  19.8°/,,, 
showing t h a t  it was de r i ved  f rom the  p y r i t i c  r a t h e r  than the  o rgan ic  f r a c t i o n  o f  
t he  s u l f u r  i n  t h i s  coa l . (8 )  

Temperature and c o n t a c t  t ime were found t o  be impor tan t  va r iab les  f o r  bo th  the  
reduc t i on  o f  o rgan ic  s u l f u r  and y i e l d  o f  S o  by PCE e x t r a c t i o n . ( l - 3 ) ( 7 )  Long te rm 
hea t ing  of  weathered coa l  w i t h  PCE reduces the  y i e l d  of So.(9) 
t he  e f f e c t  o f  temperature on the  e x t r a c t i o n  o f  S o  f rom coa ls  and on the  i s o l a t i o n  
and chromatographic f r a c t i o n a t i o n  o f  o rgan ic  compounds e x t r a c t e d  by PCE. Because 
e a r l y  r e p o r t s  on PCE e x t r a c t i o n  emphasized the  i s o l a t i o n  o f  o n l y  elemental  
s u l f u r ,  it i s  impor tan t  t o  no te  t h a t  o rganosu l fu r  compounds a r e  a l s o  p resen t  i n  
PCE ex t rac ts .  The i d e n t i f i c a t i o n  o f  o rganosu l fu r  compounds i n  these e x t r a c t s  i s  
discussed i n  the accompanying paper by Vorres. (10)  

In t h i s  coa l ,  t he  S S l R  f o r  t he  o rgan ic  

We now r e p o r t  on 
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EXPER I MENTAL PROCEDURES 

Coal samples use were I l l i n o i s  Basin C o a l  Sample Program ( I l l i n o i s  S t a t e  
Geological  Survey - ISGS) IBC-101, -201, -501, and -701; Argonne Premium Coal 
Sample Program coal  No. 3 p l u s  an o x i d i z e d  ve rs ion  o f  t h i s  coa l ;  an Oh io  5/6 coa l  
from Hor izon  Coal Co. (C.J. K u l i k )  and an Indiana Refuse coa l  (R. Narayan). 
Unless o therw ise  noted, a l l  coa l  samples and s o l i d  p roduc ts  were d r i e d  t o  
cons tan t  we igh t  a t  0.1 Torr., 100°C i n  an Abderhalden apparatus be fore  use or 
be fore  f i n a l  we igh ts  were determined. Samples were supp l i ed  as  e i t h e r  -60 o r  
-100 mesh m a t e r i a l  and were n o t  f u r t h e r  reduced i n  s ize .  U l t ima te  ana lyses  and 
ASTM Forms of  S u l f u r  ana lyses  of the  ac tua l  samples o f  a l l  feed coa ls  and s o l i d  
p roduc ts  were per fo rmed under the  superv i s ion  o f  Dr. Chusak Chaven a t  t he  ISGS. 

HPLC grade PCE ( A l d r i c h )  was f r a c t i o n a l  l y  d i s t i  I l e d  be fo re  use t o  remove t races  
o f  a UV-act ive m a t e r i a l  which i n t e r f e r e d  wi ' th the  UV de tec to r  used i n  the  HPLC 
determinat ion  of  e lementa l  s u l f u r .  Elemental  s u l f u r  for p repara t i on  o f  
a n a l y t i c a l  s tandards  and r e a c t i o n s  w i t h  coa l  was subl imed immediately be fore  use 
t o  remove t r a c e s  o f  amorphous s u l f u r  which d i d  n o t  comple te ly  d i sso l ve  i n  PCE. 

The Soxh le t  e x t r a c t i o n  method developed f o r  PCE i s  s l i g h t l y  mod i f i ed  f rom t h a t  
repo r ted  e a r l i e r .  ( 1  1 )  
measure the  tempera ture  i ns ide  the  e x t r a c t i o n  th imb le  i n  the  upper one t h i r d  o f  
the coa l  mass. An e l e c t r i c  heat ing  tape ( B r i s k e t )  was wrapped around the  g lass  
b a r r e l  ho ld ing  the  th imb le  and the  PCE ins ide  was main ta ined a t  a slow b o i l  
(120°C) d u r i n g  the  e x t r a c t i o n .  Under these cond i t i ons ,  any c o n s t r i c t i o n  i n  the 
siphon tube o f  the  appara tus  i n t e r r u p t e d  smooth c y c l i n g  o f  h o t  so lvent .  So lvent  
was added t o  t h e  appara tus  and brought  t o  temperature and the  coa l  sample added 
t o  the  so l ven t  i n  t h e  th imble.  A t  t he  end o f  t he  e x t r a c t i o n ,  t he  con ten ts  o f  t h e  
th imb le  were vacuum f i l t e r e d  on a 0.45 um PTFE membrane f i l t e r .  I n  ba tch  
e x t r a c t i o n  exper iments,  a weighed sample of d ry  coa l  was q u i c k l y  added t o  a 
measured volume o f  we1 I - s t i r r e d  PCE i n  a round-bottom f l a s k  main ta ined a t  a known 
temperature w i t h  an e l e c t r i c a l l y  heated o i l  bath.  Produc t  coal  was recovered by 
ho t  f i l t r a t i o n  i n  wh ich  the  f i l t e r  funne l  and f i l t e r  paper were heated by b o i l i n g  
PCE vapors f rom the  r e c e i v e r  f l a s k .  
temperature o f  the  s l u r r y  i n  t h e  f i l t e r  was measured and main ta ined above 118°C. 

Produc t  coa ls  were recove red  by washing w i t h  h o t  80% methanoI/water, f i l t r a t i o n  
and vacuum d r y i n g  o r  by  steam d i s t i l l i n g  PCE away from the  coal  residue. 
A l i quo ts  of  t he  s o l v e n t  e x t r a c t s  were analyzed f o r  elemental  s u l f u r  by HPLC a f t e r  
passage th rough a dry-packed F l o r i s i l  chromatography column ( l cm x 30cm) t o  
remove o rgan ic  compounds which i n t e r f e r e  w i t h  the  ana lys is .  
ad jus ted  t o  1 drop pe r  second and sample e l u t e d  w i t h  a d d i t i o n a l  pure PCE. The 
second m i l l i l i t e r  t o  e l u t e  f rom the column was c o l l e c t e d  f o r  HPLC a n a l y s i s  on a 
4.6 x 250 mm C18 reversed phase HPLC column us ing  a mob i le  phase o f  95% 
methanol/water a t  1.5 mL/minute w i t h  UV de tec t i on  a t  290 nm. The method was 
c a l i b r a t e d  w i t h  s tandard  s o l u t i o n s  o f  subl imed S o  i n  d i s t i l l e d  PCE. The 
c a l i b r a t i o n  samples were a l s o  passed through a F l o r i s i  I clean-up column. 

PCE and THF e x t r a c t s  were f r a c t i o n a t e d  f o r  GC/MS s t u d i e s  by pub1 ished 
methods. (12 ) (13 )  
hexane, benzene, ch lo ro fo rm and THF/lO% ethano l  i n  sequence. PAC f r a c t i o n s  
(benzene) were re-chromatographed on s i  I i c a  ge l  impregnated w i t h  PdCIZ. 

A thermometer o r  thermocouple probe was arranged t o  

A thermometer was suspended such t h a t  t he  

Column f l o w  was 

So lven t - f ree  e x t r a c t s  were chromatographed on alumina us ing  

RESULTS AND D I  SCUSS ION 

Y ie lds  of e lemental  s u l f u r  ex t rac ted  a re  g iven i n  Table 1 a long w i t h  ASTM Forms 
of S u l f u r  analyses. A less  complete ve rs ion  o f  t h i s  da ta  s e t  has been presented 
elsewhere. ( 7 ) ( 9 )  
e lemental  s u l f u r  e x t r a c t e d  by PCE and we igh t  pe rcen t  s u l f a t i c  s u l f u r  (ASTM) are  

L i n e a r  least-squares c o r r e l a t i o n s  between we igh t  percent  

I 
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shown below the  data. 
ox ida t i on ,  t he  numerical  va lue  o f  t he  r e l a t i o n s h i p  i s  p robab ly  n o t  a s imple r a t i o  
o f  r e a c t i o n  r a t e  cons tan ts .  The s i g n i f i c a n c e  o f  the  data i s  t h a t  So i s  only  
found i n  weathered coa ls ,  and then i n  amounts p r o p o r t i o n a l  t o  s u l f a t i c  s u l f u r  
which i s  w ide ly  conceded t o  a r i s e  f rom p y r i t e  ox ida t i on .  These r e s u l t s ,  taken 
w i t h  the  s tab le  s u l f u r  i so tope r a t i o  study,(8) make a s t rong case f o r  p y r i t e  
o x i d a t i o n  as the  o n l y  source o f  S o  necessary t o  e x p l a i n  PCE e x t r a c t i o n s .  

The reduc t i on  i n  ASTM o rgan ic  s u l f u r  i n  the  p roduc t  c o a l s  (PCE-insoluble 
res idues )  ranged from 2 t o  24% by we igh t .  To ta l  s u l f u r  m a t e r i a l  balances 
(p roduc t  coa l ,  PCE e x t r a c t  and wash so lvent ,  i f  any) ranged from 87 t o  102%, w i t h  
most values from 92 t o  96% by weight,  Table 2. To date, o n l y  coa l  0560 has g i ven  
an o rgan ic  s u l f u r  reduc t i on  above 1 1 % .  Because o f  t he  many e r r o r s  i n  ASTM 
o rgan ic  s u l f u r  values, it i s  impor tan t  t o  determine how a l l  o f  the  s u l f u r  i n  the  
feed coal  i s  d i s t r i b u t e d  among the  p roduc t  f r a c t i o n s  and n o t  j u s t  r e p o r t  an 
apparent  loss o f  s u l f u r  f rom one f r a c t i o n .  

Our p re l im ina ry  s tud ies (7 )  and o t h e r s ( 2 ) ( 3 )  have shown t h a t  e x t r a c t i o n s  a t  90- 
l l 0 " C  recover  less S o  than those i n  which the  temperature i s  c a r e f u l l y  ma in ta ined 
a t  120°C, the  b o i l i n g  p o i n t  of PCE. Add i t i ona l  hea t ing  a t  90 - 115OC decreases 
r a t h e r  than increases the  y i e l d  o f  So ex t rac ted .  The s tud ies  summarized i n  
F igu res  1 and 2 show t h i s  behavior t o  de r i ve  f rom tVo compet ing processes - r a p i d  
s o l u t i o n  o f  S o  by processes proceeding even a t  27OC, and re t rog rade  r e a c t i o n s  
between s u l f u r  and coa l  which occur only a t  the  h igher  temperature. 

F igu re  1 shows t h a t  t he  same y i e l d  o f  S o  i s  ob ta ined from IBC-101 coa l  i n  a ba tch  
e x t r a c t i o n  a f t e r  72 hours a t  27°C as  was ob ta ined under optimum Soxh le t  
e x t r a c t i o n  cond i t i ons ,  3 hours a t  120'C. A t  120°C. the  maximum y i e l d s  i n  ba tch  
e x t r a c t i o n s  occur a t  one h a l f  hour. F igure  2 shows the  decrease i n  concen t ra t i on  
o f  S o  remain ing  i n  s o l u t i o n  when approx imate ly  12 g o f  APCSP No. 3 coa l  o r  a 
h e a v i l y  o x i d i z e d  f r a c t i o n  o f  t h a t  coa l  (E0935, Table 1 )  was heated w i th  1.7 
m i l l i m o l e s  of elemental  s u l f u r  i n  150 mL o f  PCE a t  120OC f o r  816 hours under 
n i t rogen.  A c o n t r o l  exper iment  minus the  coa l  d i d  n o t  lose  apprec iab le  amounts 
o f  s u l f u r  du r ing  t h a t  t ime. The i n i t i a l  increase i n  S o  concen t ra t i on  f o r  E0935 
i s  due t o  s o l u t i o n  o f  the  S o  o r i g i n a l l y  present.  
f o r  t he  premium coa l  was l i n e a r  th roug  fou r  h a l f  l i v e s  and gave an apparent  
f i r s t - o r d e r  r a t e  cons tan t  o f  9.7 x IO-' set.-' f o r  the  disappearance o f  s u l f u r .  

Cond i t ions  which maximize the  y i e l d  of So do n o t  maximize the  y i e l d  o f  o rgan ic  
compounds a l s o  e x t r a c t a b l e  f rom coa l .  
m a t e r i a l  f rom coals.  The so l ven t - f ree  e x t r a c t s  have elemental  compos i t ions  
s i m i l a r  t o  to luene e x t r a c t s  o f  t he  same c o a l s , ( I l )  as expected f o r  a non-polar. 
non-swel l ing so lvent .  We measured the  vo lumet r i c  s w e l l i n g  r a t i o  o f  IBC-105 coa l  
i n  PCE t o  be 1.03 a t  25" and 1.06 a t  90°C. The t o t a l  s u l f u r  c o n t e n t  o f  t he  PCE 
e x t r a c t  o f  IBC-105 i s  2.18, e s s e n t i a l l y  the  same as  the  ASTM o rgan ic  s u l f u r  
con ten t  of the  feed coa l .  S u l f u r  con ten ts  o f  PCE e x t r a c t s  o f  weathered coa ls  a re  
g rea ter  than t h a t  va lue  by the  amount o f  e lemental  s u l f u r  ex t rac ted .  I n  o rder  t o  
cha rac te r i ze  organosu l f u r  compounds removed by PCE, severa I e x t r a c t s  were 
f r a c t i o n a t e d  on a lum ina ( l2 )  and on Pd impregnated s i l i c a  ge1.(13) Typ ica l  
recove r ies  o f  f r a c t i o n a t e d  e x t r a c t s  f o r  bo th  PCE (non-polar)  and THF ( p o l a r )  a re  
shown i n  Table 3. Recovery data show t h a t  cons iderab le  po la r  ma te r ia l ,  
e s p e c i a l l y  f rom the  THF e x t r a c t ,  remains bound t o  the  column. S t r i p p i n g  the  
column w i t h  p y r i d i n e  fo l l owed  by methanol d i d  n o t  r a i s e  the  t o t a l  recove r ies  
above 73% f o r  PCE e x t r a c t s  o r  40% f o r  THF ex t rac ts .  Elemental  s u l f u r ,  when 
present,  e l u t e s  w i t h  the  AHC f r a c t i o n ,  i n  which it was de tec ted  by bo th  HPLC and 
GC/MS. Both f r a c t i o n a t e d  and un - f rac t i ona ted  e x t r a c t s  were analyzed by S u l f u r  
Sens i t i ve  Gas Chromatography and Gas Chromatography/Mass Spectrometry a t  Argonne 
Nat iona l  Laboratory.  The r e s u l t s  o f  t h a t  study a re  discussed i n  the  f o l l o w i n g  
paper.( IO) The organosu l fu r  compounds i d e n t i f i e d  t o  date a re  t y p i c a l  of those 

Since So i s  bo th  produced and consumed du r ing  p y r i t e  

A p l o t  o f  In[So/Sointl vs  t ime  

PCE e x t r a c t s  1-28 by we igh t  o r g a n i c  
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repo r ted  by o t h e r s  f o r  non-polar e x t r a c t s  o f  b i tuminous  coals.  (13 ) (14 )  

CONCLUSIONS 

PCE i s  an e x c e l l e n t  s o l v e n t  f o r  the e x t r a c t i o n  of elemental  s u l f u r  f rom c o a l s  i n  
t h a t  t he  process i s  q u i c k l y  completed and very  l i t t l e  o rgan ic  m a t e r i a l  i s  l o s t  
f rom t h e  feed coa l  t o  the  so l ven t .  However, o n l y  weathered c o a l s  c o n t a i n  
elemental  s u l f u r  which i s  t he  r e s u l t  o f  p y r i t e  ox ida t i on .  PCE e x t r a c t i o n  does 
n o t  remove more than 10% t r u e  o rgan ic  s u l f u r  f rom most coa ls .  Elemental  s u l f u r  
d i sso l ved  i n  PCE r e a c t s  w i t h  coa l  a t  120°C t o  become bound t o  the  coa l  an e f f e c t  
which may e x p l a i n  why exhaust ive  e x t r a c t i o n s  w i t h  o the r  so l ven ts  have f a i l e d  t o  
y i e l d  elemental  s u l f u r .  
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HERRIN SEAM ILL INOIS No. 6 

0930 APCSP-3 0.000 4.83 0.010 2.47 2.35 
0630 IBC-105 0.0006 4.24 0.010 2.60 1.63 
0620 IBC-105 0.037 4.46 0.373 2.26 1.83 
0650 IBC-105 0.1085 4.31 0.77 1.45 2.17 
E0935 APCSP-3 0.127 4.67 0.934 1.83 1.91 

OTHER ILLINOIS/INDIANA COALS 

0300 18C-101 0.034 4.23 0.127 1.40 2.70 
0410 IBC-102 0.199 3.22 0.466 1.88 0.87 
0710 IBC-107 0.032 3.77 0.272 0.71 2.79 
RN20 INDREFUSE 1.54 11.7 5.96 4.46 1.28 
0560 OHIO 5/6 0.058 3.44 0.381 1.18 1.83 

ALL 10 SAMPLES: % S o  = 0.260*[% S u l f a t i c  SI - 0.028 r2 = 0.993 

HERRIN SEAM: % S o  = 0.140*[% S u l f a t i c  SI - 0.0048 r2  = 0.994 

T a b l e  2 

DECREASE OF ORGANIC SULFUR IN  PRODUCT COALS AND TOTAL SULFUR MASS BALANCE 

Sample W t %  PCE W t %  Coal  W t %  O r g a n i c  % OS Mass B a l a n c e  
Number E x t r a c t  P r o d u c t  S u l f u r  i n  P r o d u c t  Lost  S u l f u r  _-___________--_________________________------------------------------------ 

0410 1.57 % 97.5 % 0.88 s 1.34 % 93.3 % 
0560 1.70 98.8 1.44 24.00 97.7 
0620 1.77 99.8 1.70 7.28 91.2 
0630 1.64 97.3 1.53 8.70 95.2 

! 
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FRACTIONATION SCHEME 

SOLVENT EXTRACT 

A I umi na c 
HEXANE CHLOROFORM T H F ~ E ~ O H  

1 4 
AHC PAC N-PAC HPAC 

PdCI2 / S i l i c a  Gel .1 
C h l o r o f o r m  Ch I o r o f  orm Ch l o r o f  orm 

Hexane Hexane E t h y l  E t h e r  

PAH PASH S-PAC 

Table 3 

FRACTIONATION OF PCE AND THF EXTRACTS 

Sample E x t r a c t  W t  % o f  E x t r a c t  i n  Alumina Column F r a c t i o n s  
Number S o l v e n t  AHC PAC N-PAC HPAH _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ________________________________________---_- 

20.90 % 22.15 % 16.82 % 8.20 % 0560 PCE 
0630 PCE 7.24 14.79 15.73 21.54 
0930 PCE 8.87 17.28 15.41 28.28 

0630 THF 1.44 4.47 3.54 27.88 
0930 THF 3.17 3.80 5.06 15.75 

W t  % o f  PAC i n  S i l i c a  Gel Column F r a c t i o n s  
PAH PASH S-PAC 

0630 THF 

_ _ _ _ _  
79.69 15.66 14.97 

' I  
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Wt Z S Extracted vs Time 

Effect of Temperature 

0.025 &i 

1 'u, 0.020 

8 2 0.015 

0.01 0 

o.m 5 20 40 60 80 100 120 140 160 

Figure  1. Time (Hcs) 

[Sulfur] in PCE vs Time 

T = 120°C 

3r 

T = 2 7 C  

T = 121 C 

Oxid Cool I: 
Figure  2 .  TME (h) 
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